Terahertz plasmon-polariton modes in graphene driven by electric field inside a Fabry-P erot cavity
I. INTRODUCTION
Surface plasmon polariton (SPP) is induced by coupling between surface-plasmon and electromagnetic (EM) field in electron gas systems such as metals. It is strongly confined near the surface of electronic material and can guide the EM radiation at subwavelength scales. The SPP in metallic materials has been investigated for many years [1] [2] [3] [4] [5] owing to its important applications ranging from chemical sensors and surface-enhanced Raman spectroscopy to solar cell optimization. However, the conventional SPP modes in metallic materials such as noble metals have high energy loss and damping along with poor tunability, which limit their applications as plasmonic materials and devices. Very recently, graphene has been proposed as advanced plasmonic material for infrared to terahertz (10 12 Hz or THz) optoelectronic devices. As a very thin film with atomical spatial scale, graphene directly supports plasmon polariton (PP) modes that travel rather freely along the graphene film. Thus, the PP modes in graphene are very similar to the SPP modes in metallic structures. The optical properties of PP in graphene are in many relevant aspects similar to those of SPP in metals. Moreover, the obtained experimental [6] [7] [8] and theoretical [9] [10] [11] results have shown that the unique electronic, mechanical, and optical properties of graphene make the PP in it quite different from those in conventional two-dimension electron gases (2DEGs). The plasmonic properties in graphene are normally better than those in the metal structures, such as extremely high field confinement, low loss and long propagation length, and highly tunable via electrostatic gating. 6, 9, 12 It has been found that the frequencies of PP modes in graphene range from THz to infrared. 8, 9 This suggests that graphene based plasmonics can be widely applied in optoelectronic devices working in an important EM bandwidth, such as THz photodetectors, 8, 13 THz sensors, 14 wave-guide devices, 10 ,15 solar cells, 16 optical switches, 17 to mention but a few.
In general, the PP modes cannot be achieved by directly shining light on graphene due to momentum mismatching between the incident EM field and plasmon in graphene. It is known that the momentum of a plasmon is much larger than that of a photon with the same frequency. Several mechanisms for the formation of the PP modes in graphene have been proposed, including: (i) the usage of the graphenebased grating or analogous configuration; 8, [18] [19] [20] [21] (ii) the application of a prism in the attenuated total reflection configuration; 17, 22 (iii) the near-field excitation and observation using near-field microscopy with nanotips; 6, 7 and (iv) the utilization of the interplay between light and ultrasound. 23 Furthermore, similar to the achievement of the SPP modes in metallic structures, the resonant optical cavity can also be applied for the formation of the PP modes in graphene. 24 This is because the momentum of photons in a cavity can match that of plasmons in graphene. 24 In such a case, graphene is a carrier of the plasmon modes induced by electronelectron interaction. The optical cavity provides photon modes which can couple with the plasmon modes in graphene. Recently, the terahertz laser generated by optical pumping of graphene layers inside a Fabry-P erot cavity has been proposed. 25 The cavity plasmon polariton in graphene is therefore an attractive topic for both the basic scientific research and the potential device application.
It is known that the plasmon frequency in graphene can be tuned by, e.g., applying the gate voltage which alters the electron density in graphene. Like in conventional 2DEGs, the plasmon frequency in graphene depends strongly on electron density in it. Therefore, the plasmon frequency in graphene can be easily modulated by electric gating. Very recently, we found that the plasmon frequency in graphene depends also on driving electric field applied along the graphene sheet. 26 As well known, in the presence of a driving electric field, the electrons in an electron gas system are not in equilibrium sates anymore. The nonequilibrium distribution of electrons has to be taken into consideration in order to study the physical properties induced by electron-electron interaction. As a result, the plasmon modes of an electron gas can be affected strongly by the driving electric field, and the driving electric field can have a significant effect on the PP modes. In this work, we present a detailed theoretical investigation into the resonant cavity plasmon polariton modes in graphene in which the electrons are driven by DC electric field. We develop a tractable theoretical approach, on the basis of a diagrammatic self-consistent field theory, to study electron-electron interaction in the presence of electron-photon scattering in an electron gas system. We would like to examine the dependence of the PP modes in graphene on driving electric field and on cavity parameters. We believe this study can help us to gain an in-depth understanding of the plasmonic properties of graphene, which becomes the prime motivation of the present study.
II. THEORETICAL CONSIDERATIONS AND APPROACHES
In this study, we consider that a graphene sheet on top of a dielectric wafer (such as SiO 2 ) is embedded in an optical cavity such as a Fabry-P erot cavity with a spacing length L (see Fig. 1 ). An in-plane source (S) to drain (D) electric field, F x , is applied along the x direction. The electron density in graphene can be tuned by, e.g., applying a gate voltage. The plasmon and plasmon-polariton waves travel along the 2D plane (taken as xy-plane) of the graphene sheet. The Diraclike Hamiltonian for a massless electron in graphene can be described as
where k ¼ ðk x ; k y Þ is momentum or momentum operator for an electron and v F ' 10 8 cm/s is the Fermi velocity in graphene. The corresponding energy spectrum is EðkÞ ¼ 6 hv F jkj for conduction (upper case) and valence (lower case) band, and the wave function is w k ðrÞ ¼ jk >¼ 2 À1=2 ½1; e ih e ikÁr in the form of a row matrix. Here, h is the angle between k and the x direction. Applying the electron wave function to the electron-electron (e-e) interaction Hamiltonian induced by the Coulomb potential, the space Fourier transform of the matrix element for bare e-e interaction can be written as 27 V eÀe ðk; qÞ ¼ V q Fðk; qÞ;
where V q ¼ 2pe 2 =jq is the two-dimensional Fourier transform of the Coulomb potential with j being the effective dielectric constant. Fðk; qÞ ¼ ðk þ q cos /Þ=jk þ qj with / being the angle between k and q, and q ¼ ðq x ; q y Þ is the momentum change during the e-e interaction events.
The optical cavity shown in Fig. 1 serves as a resonator for lights inside it. For case of a Fabry-P erot cavity, in the direction perpendicular to the mirrors, photons undergo many round-trips inside the cavity and form the standing waves. Thus, the light propagation along the direction perpendicular to the mirrors is quantized, and the cavity photon modes can be obtained by solving the Maxwell equation, which reads 24 hx c ¼ hc
where x c is the cavity photon frequency, c is the speed of light in vacuum, L is the spacing length of the Fabry-P erot cavity, e 0 is the dielectric constant of the medium inside the cavity, q ¼ ðq x ; q y Þ is the in-plane wave vector for a cavity photon, and n ¼ 1; 2; 3; ::: is the quantum number for different cavity modes. By a fact that the thickness of SiO 2 wafer is much less than the wavelength of the cavity photons and than the spacing length L of the cavity, we can take e 0 ' 1 for vacuum. By altering the cavity length L, one can achieve the condition of resonant interaction between plasmon and cavity photon modes and, thus, achieve the plasmonpolariton modes in the electronic systems. For electron interaction with a cavity photon mode with a vector-potential A, we have A ¼ E k =ix c , with E k ¼ E k ðcos a; sin aÞe iqÁr being the in-plane electric field component of the cavity photon mode, and a is the angle between E k and the x direction. Thus, the electron-photon (e-p) interaction Hamiltonian in graphene takes the form
For TM-polarized light wave, E k k q (note that E k ?q is for TE-polarized light wave), we have E k =E ? ¼ np=qL, where
The proposed device structure: a graphene film is placed on SiO 2 wafer and embedded in a Fabry-P erot cavity with a spacing length L. Here, S and D stand for source-to-drain electrodes, and Pl and Pol represent, respectively, the plasmon and plasmon polariton modes in graphene.
E ? is the electric field component of the cavity photon mode in the direction perpendicular to the mirrors. Applying the equality of the cavity photon energy to the field volume energy, we can get
where S is the sectional area of the cavity mirror. For a device shown as Fig. 1 , S also equals to the area of the graphene sheet. Furthermore, the coupling potential V eÀp ðk; q; xÞ induced by the interaction between electrons and cavity photon modes can be obtained from the Fourier transform of the matrix element for bare e-p interaction
where G 0 ðx c ; xÞ ¼ 2 hx c =½ð hxÞ 2 À ð hx c Þ 2 is the bare photon propagator, and jUðk; qÞj 2 ¼ j < k þ qjH eÀp jk > j 2 is the square of the electron-photon scattering matrix element. Taking Eq. (4) into (6), we obtain
Here
with the upper (lower) case referring to electron interaction with TM-polarized (TE-polarized) light wave. It is known that in graphene, the low-frequency plasmon oscillations come mainly from e-e interaction within the intraband electronic transition channels. The Landau damping of these plasmon modes, caused mainly by decay of plasmon oscillations into the electron-hole pairs, can be absent. 27 For case where the electron density is about n e $ 10 12 cm -2 , the intraband transition is the dominant hoping channel for electron scattering. Thus, from now on we consider only the intraband e-e and e-p interactions in conduction band. Applying the many-body self-consistent field theory, 28 the effective e-e interaction in the presence of e-p scattering can be depicted as Fig. 2 . It should be noted that the selfconsistent field theory has been successfully applied to study the effective e-e interaction in the presence of electronphonon coupling in electron gas systems. From a viewpoint of condensed matter physics, the photons and phonons have some similarities, e.g., both of them satisfy the Bose statistics and their interactions with electrons obey the momentum and energy conservation laws. Hence, in the present study, we generalize this theory to the investigation of the effective e-e interaction in the presence of electron-photon interaction in graphene. After solving the diagrammatic equations depicted as Fig. 2 , the dynamical dielectric function in the presence of e-p interaction can be written as eðq; xÞ ¼ 1 À X k ½V eÀe ðk; qÞ þ V eÀp ðk; q; xÞPðk; q; xÞ;
where
is the pair bubble or density-density correlation function in the absence of e-e screening, with F ½EðkÞ being the energydistribution function for electrons in conduction band and g s ¼ 2, g v ¼ 2 counting, respectively, the spin and valley degeneracy.
The frequency of the PP mode in graphene is determined by Re eðq; xÞ ! 0. Thus, the dispersion relation of the PP modes in graphene inside optical cavity can be obtained numerically. Meanwhile, in the absence of a light field, the pure plasmon modes can be obtained by the random phase approximation (RPA), which is a result by taking V eÀp ðk; q; xÞ ¼ 0 (or E k ¼ 0) in Eq. (9) .
In this study, we employ a many-body self-consistent field theory, which includes the electron-electron and electron-photon interactions, to deal with the coupling between plasmon and cavity photon modes and to obtain the dispersion relation of the PP modes in graphene. In principle, the PP and SPP modes for graphene inside a Fabry-P erot cavity can also be obtained by simply solving the Maxwell equation. Using this approach, the graphene layer plays a role as a conducting layer which results in the extra boundary conditions inside the Fabry-P erot cavity. The conventional electrodynamics approach can normally get the SPP and plasmon modes in nonretarded regime (x ) cq).
9,29 Thus, the approach developed here to deal with the PP modes differs slightly from common used electrodynamics approach to handle the SPP modes in an electron gas system. 9, 29, 30 However, it should be noted that the obtained plasmon dispersion relation from electrodynamics theory in the nonretarded regime 9, 29 is the same as that obtained by the RPA. Moreover, the conventional electrodynamics approach normally obtains the results for long-wavelength limit due mainly to the usage of the Kubo or Drude formula to count for optical conduction. In contrast, one does not need to do long-wavelength approximation to calculate the plasmon and PP modes by using the many-body condensed matter theory. As a result, the many-body condensed matter theory (such as the one developed here) can lead to the same results as those obtained from the conventional electrodynamics theory in some wavelength regimes, however, can obtain the results without the long-wavelength approximation.
FIG. 2.
The effective e-e interaction (double solid lines) in the presence of photon scattering. Here, the dashed line is the bare e-e interaction, the wavy line is induced by electron-photon interaction, and the bubble refers to the bare pair bubble. x is the angular frequency.
III. RESULTS AND DISCUSSION
In the present study, we consider that the electron density in graphene is controlled by applying a gate voltage, and the Fermi energy is determined by the condition of electron number conservation 31 at finite temperature. By using the mirror image method, 26 the effective dielectric constant for graphene sheet on SiO 2 wafer can be evaluated from the bare dielectric constants for vacuum, graphene, and the SiO 2 wafer j ¼ ð1 þ j SiO 2 Þ ' 2:5. All results presented in this paper are obtained for room-temperature T ¼ 300 K.
In the presence of a driving DC electric field, the electrons in graphene are not in the equilibrium states anymore. They are accelerated and heated by the electric field. The often used equilibrium distribution function, such as the FermiDirac function and Maxwell function, cannot be employed to describe rightly the electron distribution in the system. Generally speaking, the nonequilibrium electron distribution function can be obtained by, e.g., solving the corresponding Boltzmann equation or the Monte Carlo method. 32 From a practical point of view, one often takes the modified equilibrium distribution function to describe the nonequilibrium distribution of electrons in an electron gas. In particular, one can assume 31,33 the nonequilibrium energy distribution for electrons in graphene to be as F ½EðkÞ ' f ½Eðk Ã Þ, where k
is the Fermi wave vector with n e being the electron density, and f ðEÞ ¼ ½e ðEÀlÞ=k B T e þ 1 À1 is the modified Fermi-Dirac distribution function with T e being the electron temperature and l the Fermi energy (or chemical potential). By applying the balance equation approach on the basis of the Boltzmann equation, v x and T e can be determined by solving self-consistently the momentum-and energybalance equations in which electronic scattering mechanisms are included. In the calculation, the electron-electron interaction in graphene is mainly through screened Coulomb interaction, which has been incorporated into the effective electron-impurity scattering via RPA (see, Eq. (9) in Ref. 31 ).
Although the e-e scattering can also lead to a momentum shift in the Fermi-Dirac function, in the presence of electronic scattering centers such as impurities and phonons, the momentum shift in the distribution function is mainly induced by electron interaction with these scattering mechanisms. This has also been verified by our very early Monte-Carlo simulations (see Ref. 32 ).
In the previous work, 31, 34 we have shown the dependence of electron velocity v x and temperature T e in graphene on F x for different electron densities by solving selfconsistently the momentum-and energy-balance equations in which the electron interactions with impurities, acousticphonons, and optic-phonons were considered. The obtained results agree both qualitatively and quantitatively with those from experimental measurements. 35 In this study, we take the same theoretical approach as documented in Ref. 31 to calculate v x and T e at a given F x and from them to calculate the frequencies of the PP modes in graphene in the presence of F x . In Fig. 3 , we show the drift electron velocity v x and electron temperature T e as a function of driving electric field F x for a fixed electron density at room temperature. We can see that the linear response of electrons in graphene to the driving electric field can be observed for electric field F x < 0:8 kV/cm. In this regime, the electron velocity increases linearly with electric field and the electron temperature equals to the lattice temperature T e ' T. Thus, the driving electric field plays a role mainly in accelerating electrons. The nonlinear response of electrons to the driving electric field can be seen when F x > 0:8 kV/cm, where the Ohmic law v x $ F x does not hold anymore and T e increases with F x . In such a case, the electric field not only accelerates but also heats the electrons in graphene. In graphene, the optical-phonon energy is quite large ( hx 0 ¼ 196 meV) in comparison with conventional semiconductors and the energy separations among different electronic bands are much larger than optical-phonon energy. Thus, the energy that an electron gains from the electric field can quickly lose via electronphonon coupling within the intraband transition channels. As a result, the probability for interband electronic tunneling in graphene is very small and can be neglected even in the presence of a strong driving electric field.
From the obtained electron velocity v x and electron temperature T e , we can model the nonequilibrium distribution function for an electron in graphene in the presence of driving electric field. Thus, we are able to calculate the frequencies of the PP modes in graphene in the presence of F x . In this study, we only consider the PP modes that originate from the interaction of plasmons with TM-polarized EM modes. Similar results for the case of TE-polarized ones can be obtained easily. To observe the efficient coupling between plasmons and cavity photons in THz regime, we only consider the PP modes that come from the interaction of plasmons with lowest cavity photon modes with the quantum number n ¼ 1.
In Fig. 4 , we show the dispersion relation of the cavity photon modes and plasmon modes in graphene in the absence of driving electric field. When F x ¼ 0, v x ¼ 0, and T e ¼ T so that the electron distribution is the standard FermiDirac function. As we can see from Fig. 4 , the plasmon frequency increases with electron density (see Fig. 4(a) ), which is in line with the plasmon dispersion law
obtained at the long-wavelength limit (q ! 0) and low-temperature (T ! 0). 27 Thus, the cavity photons can couple with the plasmon modes in graphene   FIG. 3 . The dependence of drift velocity v x (solid) and electron temperature T e (dotted) in graphene on F x for electron density n e ¼ 2 Â 10 12 cm À2 at room temperature.
when electron density is high enough at a fixed cavity length. As a result, the PP modes can be formed in graphene. Fig.  4(a) indicates that the resonant frequency, where the cavity photon momentum and frequency match the plasmon momentum and frequency, can be tuned just by changing the electron density through, e.g., applying a gate voltage. Normally, two resonant frequencies can be seen on the dispersion relation because plasmon frequency and cavity photon frequency depend differently on q. From Fig. 4(b) , we see that the frequency of cavity photon modes increases with decreasing cavity length L. Thus, through altering L, one can achieve both the momentum and the frequency matches for plasmon and cavity photon modes and form the PP modes in graphene. Consequently, the electron density and the cavity length are two major factors in determining the PP modes in graphene inside a Fabry-P erot cavity.
The dispersion relation of the PP modes in graphene is shown in Fig. 5 in the absence of driving electric field at the fixed electron density and cavity length. There are two branches of the PP modes and the anti-crossing behavior in the dispersion relation can be observed. We note the following features. (i) In frequency regime which is lower than the first resonant frequency, the upper branch of the PP modes is optic-like and the lower branch is plasmon-or acoustic-like. They are very much similar to the uncoupled cavity photon modes and plasmon modes. (ii) In frequency regime which is in-between the first and second resonant frequencies, the upper branch is plasmon-like and the lower branch is opticlike. (iii) In frequency regime which is larger than the second resonant frequency, the upper branch is optic-like and the lower branch is plasmon-like. It should be noted that the frequency of plasmon-like PP modes depends strongly on electron density, whereas the frequency of optic-like PP modes depends strongly on cavity length. The insets (a) and (b) in Fig. 5 show the zoom regimes near the resonant frequencies. The Rabi splitting can be seen at the resonant frequency due to the coupling between the plasmon and cavity photon. We find that the Rabi splitting at the first resonant frequency is more observable than that at the second resonant frequency. This effect is induced by the fact that the coupling between plasmon and photon at lower frequency is stronger than that at the higher frequency. Moreover, both of the resonant frequencies for the PP modes in graphene are in THz bandwidth. These interesting features suggest that the PP in graphene embedded into optical cavity can be used for frequency tunable THz plasmonic devices. Now we discuss the PP modes in graphene in the presence of the driving electric field. First of all, it should be noted that after performing k integral in Eq. (9), eðq; xÞ is independent of the angle a when F x ¼ 0. Thus, the corresponding PP modes in graphene are not angular dependent on a   FIG. 4 . The dispersion relation of uncoupled cavity photon modes and plasmon modes in graphene in the absence of driving electric field. In (a), the cavity photon modes (solid curve) are for L ¼ 2.0 mm and n ¼ 1, and the plasmon modes are obtained for different electron densities n e as indicated. In (b), the plasmon modes in graphene (solid curve) are for a fixed electron density, and the cavity photon modes are obtained for different cavity lengths L as indicated. (1) and (2) in (b) show, respectively, the zoom regimes near the first and second resonant frequencies.
when the driving electric field is absent. As the driving electric field F x is applied, the drift electron velocity v x is generated. Thus, the symmetry of the sample geometry is broken and, as a result, the PP modes depend on angle a. However, our previous work 26 has shown that the plasmon frequency in graphene depends rather weakly on a, especially at relatively small q values. This effect is resulted from a fact that the Fermi velocity of electrons in graphene is normally much bigger than the drift velocity of electrons in the presence of driving electric field. Consequently, the corresponding PP modes in graphene depend also weakly on a as expected. In Fig. 6(a) , we show the dispersion relation for cavity photon modes and uncoupled plasmon modes in graphene for different driving electric fields. Here, we take a ¼ 0 as an example. As depicted in Fig. 6(a) , the plasmon frequency decreases with increasing driving electric field. As a result, when the driving electric field is high enough the coupling between cavity photon and plasmon in graphene cannot occur. This finding suggests that the driving electric filed can also be applied to determine the coupling between cavity photon modes and plasmon modes in graphene inside the Fabry-P erot cavity. As shown in Fig. 6(a) , the driving electric field affects relatively weakly the lower resonant frequency but very strongly the higher resonant frequency. This implies that the frequency of the PP modes in graphene can be tuned by the driving electric field applied from source to drain electrodes placed on graphene sheet. In Fig. 6(b) , we show the dispersion relation for the two branches of the PP modes in graphene at a fixed driving electric field. The insets (1) and (2) in Fig. 6(b) show, respectively, the zoom sections near the first and second resonant frequencies. As we can see, the basic features of the PP modes in graphene in the presence of driving electric field are almost the same as those in the absence of F x . In particular, we notice that the Rabi splitting between plasmon and cavity photon modes is rather weak (see Figs. 5 and 6(b)) in the absence and presence of a driving electric field.
Although the application of the gate voltage is a popularly used technique to tune the electronic properties of graphene based devices, the usage of the driving electric field is a more favorable way for the application of graphene as plasmonic devices. Normally, the gate electrode is placed in the central area of the graphene film, which covers up a large area of the graphene sheet and blocks the incident and reflection light in this area. In contrast, the source to drain electrodes are placed at the side areas of the graphene sheet so that the incident light can be freely focused on the central area of the graphene sample and the light reflection can be easily measured.
It should be pointed out that the coupling strength between cavity photon and plasmon in graphene in a Fabry-P erot cavity is rather weak. This leads to a consequence that the PP modes in graphene are very much optic-like or plasmon-like in different frequency regimes for different branches and the effect of the Rabi splitting is very weak, as shown in Figs. 5 and 6(b) . The physical reason behind this phenomenon is the following. The plasmon frequency x p in graphene is about 1 THz. Because the photon frequency decreases with increasing cavity length L in a Fabry-P erot cavity, x c can be in the THz regime only when L $ 2 mm which is relatively long in comparison with the sample thickness. A larger L implies a bigger volume of the cavity and, thus, a weaker electric field component of the cavity photon mode. From Eq. (7), we learn that the coupling strength between electrons in graphene and photons in cavity is proportional to E 2 k . A small E k in cavity results in a weak coupling between plasmon and cavity photon. Consequently, the PP modes in the device system are very much optic-like or plasmon-like. One way to strengthen the coupling is to enhance the electric field of cavity photon modes via, e.g., using a grating structure 36 and that can be a problem for further study.
In this study, the infinitely small d is introduced in the pair bubble in Eq. (10) , which corresponds to a collisionless polarizability. Since the scattering rate induced by electronimpurity and electron-phonon coupling in graphene is of the same order of plasmon and PP frequency, the damping due to electronic scattering may affect the polarizability significantly. Some attempts have been conducted 9, 37 to count this effect. On the other hand, one simple and direct way to consider the effect of the electronic scattering time on dynamical dielectric function is to replace id in Eq. (10) by i h=s with s being the scattering time, which can be determined from the v x À F x relation obtained from our self-consistent calculation. From the fact that the plasmon and PP modes are determined by the real part of the dynamical dielectric function, Re eðq; xÞ ! 0, the replacement of id as i h=s does not affect the results for the plasmon and PP modes. However, the presence of s induces the damping term and, hence, can affect the imaginary part of the dynamical dielectric function, namely, the shape of the optical absorption spectrum. The present study focuses mainly on the PP modes in graphene. The investigation into optical absorption spectrum due to e-e interaction in graphene in the presence of optical cavity (i.e., the imaginary part of Eq. (9)) requires further analytical and numerical work. We do not attempt it in the present study.
IV. CONCLUSIONS
In this work, we have theoretically investigated the PP modes in graphene placed in a Fabry-P erot cavity and driven by a source to drain electric field. Based on many-body selfconsistent field theory, we have developed a tractable approach to calculate the dispersion relation for the PP modes in graphene in an optical cavity. It has been found that there are two branches of the PP modes in graphene in a Fabry-P erot cavity. The frequency of these modes is in the terahertz bandwidth and these modes are very much opticlike or plasmon-like. We have examined the influence of the driving electron field on the PP modes. The mean conclusion obtained from this study is that the coupling between photons in a Fabry-P erot cavity and plasmons in graphene can be tuned by changing the cavity length, the electron density, or gate voltage, and by applying the driving electric field. Moreover, we have found that the driving electric field can affect upper resonant frequency significantly and, thus, affect high-frequency PP modes strongly. We hope this study can help us to gain an in-depth understanding of the plasmonic properties of graphene based devices and can provide a proposal for the application of graphene-based structure as tunable terahertz plasmonics device.
